Stable isotope coding continues to be a powerful approach in comparative proteomics. This review focuses on recent developments in stable isotope coding-based strategies targeted towards protein expression, protein interactions with other biomolecules, post-translational modifications and absolute quantification. The focus of the bulk of proteomics studies is still on protein expression. An important recent application of isotope coding has been in organelle proteomics. The review ends with the conclusion that isotope coding remains an integral part of quantitative proteomics. There is, however, a need to develop coding strategies which can differentiate changes in protein expression and post-translational modification, address issues of protein dynamic range and facilitate real-time detection of proteins which show a statistically significant change after stimulus.
INTRODUCTION
Life is dynamic. Signalling, gene activation or suppression, transcription, translation, post-translational modifications (PTMs), intracellular transport, metabolic processing, differentiation and proliferation all involve material changes in cells. Responding to stimuli through programmed chemical changes in cellular composition is the essence of life. Research has led us to recognise that the genetic programming of cells causes them to respond in a specific manner to each stimulus and allows them to be attacked in particular ways as well. But appreciating the essence of life does not mean that the mechanisms are understood. The aim of this review is to show how quantification can play a role in elucidating mechanisms.
The idea that complex, dynamic phenomena can be studied through temporal analyses is well established. Athletic performance and mechanical failure are routinely analysed photographically. Unfortunately, there is no chemical equivalent of a video camera that enables disease progression to be followed at a molecular level. At best, 'still photographs' can be created at the beginning and end of an event, albeit with very poor spatial resolution, orders of magnitude fewer features and without the presentation format seen in a photograph. The concept that through genomics, proteomics and metabolomics it would be possible to create the chemical equivalent of a low-resolution, still photograph of a biological system led to the original description of systems biology in 1997. 1 Clearly, quantification plays an important role in defining the composition of a biological system and temporal changes associated with the response to a stimulus. But completely defining a biological system at the chemical level is not possible today, as noted above. Would it be possible instead to visualise only those components that are changing in association with a stimulus and ignore everything else? This has led to a widespread efforts in differential chemical analysis of biological systems, starting with the pioneering work of Pat Brown.
2, 3 The differential isotopic labelling methods described below are an extension of this method to proteomics. While much of proteomics is focused on acquiring tandem mass spectral data from every peptide in a tryptic digest to define a complete proteome, differential proteomics uses changes in relative concentrations of peptides between control and experimental samples to identify the small number of components that merit identification. This greatly simplifies the study of regulation and disease marker identification.
There are now so many proteomics quantification papers appearing that it is useful to have a way to classify them. One method of classification is on the basis of in vivo versus in vitro labelling ( Figure 1 ). In vivo labelling exploits biosynthetic incorporation of isotopically labelled nutrients or amino acids into proteins, whereas in vitro labelling is achieved postbiosynthetically with some labelling reaction at a specific site in proteins or peptides. Stable isotope labelling by amino acids in cell culture (SILAC) is an example of in vivo coding. 4, 5 In vivo labelling seems to be the simplest stable isotope coding method, but is costly with large animals and, in addition, is unattractive in the case of humans. When 15 N is used for coding, there is also the problem that 14 N-and 15 N-labelled peptides partially resolve during reversedphase chromatographic separations. 6 This complicates quantification.
There are far more versions of in vitro coding than in vivo coding. One type of in vitro coding involves derivatisation of specific classes of functional groups for the purpose of isotope coding alone. Derivatisation has nothing to do with the subsequent resolution of sample components in this case. Primary amine stable isotope coding (PASIC) is a popular example. 7 At least half a dozen PASIC methods have now appeared. [8] [9] [10] [11] [12] Isotope coding of carboxyl groups with 18 O during proteolysis is very similar. 13, 14 An alternative is isotopically to code a single type of amino acid such as cysteine or tryptophan, in a polypeptide.
Another way to classify coding strategies is based on the subsequent sample fractionation step. Two broad categories are (i) isotope coding coupled with selection method and (ii) isotope coding uncoupled from the selection method ( Figure 1 ). In the former case, the coding agent also carries a tag that facilitates the subsequent separation of coded peptides. Derivatisation of cysteine residues with an isotope coded affinity tag (ICAT) is an example. 15, 16 The ICAT coding agent also carries a biotin residue that facilitates the isolation by cysteinecontaining peptides through avidin affinity chromatography. Tagging coding agents with a quaternary amine is another way to facilitate subsequent purification, but in this case by strong cation exchange chromatography. 17 Because derivatisation is often on a single amino acid, the advantage of this strategy is the substantial decrease in sample complexity which accrues after selection of coded peptides. This is also the greatest limitation of the method. Only phenomena involving peptides with the selected amino acid can (Figure 2) . Analysis of protein expression, PTMs, protein-protein interactions, protein degradation and mutation analysis are all facilitated by quantification. In the early days of proteomics, the idea that all of these problems could be solved by a single universal method was popular. Unfortunately, this dream never came to fruition. In fact, the enormous complexity of the proteome is driving the world to deal with each of the subcomponents individually. Another complication is that there can be multiple structural variants of a protein that cannot be predicted from DNA databases. Moreover, new and different methods are often necessary to quantify the degree to which protein structure has been altered in the case of protein variants.
The authors reviewed the subject of stable isotope-based quantification in differential proteomics in 2004.
18 This paper will describe advances since the 2004 review, along with the general features of quantitative proteomics methods being used today.
IN VIVO LABELLING METHODS

SILAC cultures
SILAC coding has gained widespread popularity in the past few years. The approach is also referred to as amino acid coded mass tagging (AACM).
19 Selected amino acids can be incorporated into proteins by growing cell lines that are deficient in the chosen amino acids. One cell line is grown in normal media and another in media rich in an isotopically coded amino acid. To ensure a high level of isotopic enrichment, after many cycles of cellular replication, proteins from the two cell cultures are harvested and analysed. Various amino acids have been used for metabolic incorporation. 18 The tandem use of isoforms of lysine and arginine makes the technique global, since all tryptic peptides will carry the isotope coding.
SILAC for detection of protein expression
In a recent study, microsomal fractions from two human prostate cancer cell cultures varying in their metastatic states were differentially grown on 12 C-lysineand 13 C-lysine-containing media, respectively. A total of 440 proteins were identified from the combined cultures, and relative changes in concentration between the cultures were quantified. It was noted that 82 proteins differed in relative concentration ratio between the cultures. 20 Other recent examples involved the detection of changes in protein expression linked to p53-induced apoptosis 21 and the cellular response of Schizosaccharomyces pombe to Cd(II). 22 The study of isoleucine incorporation into the proteins of the human malaria parasite Plasmodium falciparum during its life cycle is yet another example. 23 This is an interesting case because isoleucine is 24 The heavy isoforms of arginine vary by +6 and +10 atomic mass units (amu) from the 12 C 6 14 N 4 isoform in the control. Changes in phosphotyrosinecontaining proteins were examined using three HeLa cell cultures differing in EGF stimulation times. Equal aliquots from the three samples were mixed, immunoprecipitated with anti-tyrosine antibodies, digested and analysed by liquid chromatography-mass spectrometry (LC-MS). A total of 81 phosphorylated proteins were identified as being associated with EGF-stimulated concentration changes between the cultures. This method should be generally applicable to the study of a wide variety of phosphorylation-based signalling systems.
One of the problems with studying phosphorylation through antibodies is that other, non-phosphorylated proteins can also be co-precipitated. In an effort to deal with these false positives, the insulin receptor signalling pathway in adipocyte cells was examined by differentially growing cultures in 12 C 9 -and 13 C 9 -tyrosine-rich media, respectively. 25 After eight days of growth, one of the cultures was differentially treated with insulin for five minutes. Cells in the cultures were then lysed and the cultures mixed. Phosphotyrosine-containing phosphoproteins were then immunoprecipitated. A total of 69 proteins were identified, nine of which increased 1.5-fold or more in protein concentration with stimulation.
SILAC for detection of peptide-protein interactions
Various forms of protein interactions (protein-protein, peptide-protein, RNA-protein) can be addressed by using the powerful approach of quantitative proteomics linked to tandem affinity purification. 26, 27 A recent study described its application for understanding peptideprotein interactions. 28 In order to understand the interactions of EGFphosphorylated peptide with other subcellular proteins, EGF-phosphorylated peptide and its non-phosphorylated counterpart were immobilised to agarose beads via cleavable disulphide linkage. The intention was to identify the proteins that were directly interacting with phosphorylated EGF peptide. All nonspecifically interacting proteins will bind to both peptides, while only the specifically interacting proteins will bind to the agarose-bound EGFphosphorylated peptides. To differentiate between the two proteins, the set of peptides were subsequently used to affinity pull-down HeLa cells grown in the presence of 12 C-arginine and 13 C-arginine, respectively. As expected, the phosphopeptide specifically enriched the peptides for the adapter protein Grb2, which has a known role in the EGF signalling pathway. This powerful method can be further extended to other forms of PTMs and single amino acid polymorphisms and their role in protein association. A small issue in such studies is that bait proteins are not present in amounts similar to those present in the real cellular environment.
IN VITRO LABELLING METHODS
The discussion of in vitro methods below will be in two parts. The first section on 'Coupled methods' will focus on protocols in which derivatisation subsequently facilitates polypeptide fractionation in some way. This will be followed by a section on 'Uncoupled methods', in which coding and fractionation are unrelated. Methods will
In vitro coding methods can be broadly classified into coupled and uncoupled methods be subdivided within these two major groups on the basis of the functional group being derivatised.
There is another important difference between the in vitro coding methods. All of the global coding strategies, such as the PASIC and 18 O methods, exploit the fact that amine and carboxyl groups are formed during proteolysis. This means that coding can only be carried out after the individual proteolysis of each sample. By contrast, methods involving the coding of functional groups in the sidechains of individual amino acids can be carried out before proteolysis. Differentially coded protein samples can be mixed and then digested in a single proteolysis step. This eliminates quantification errors that might arise from lack of reproducibility in proteolysis.
Having noted the potential advantage of coding at the protein level, there is the problem of reagents reaching all functional groups within the threedimensional structure of proteins. This is a recognised problem in the case of sulphydryl derivatisation. Frequently in proteomics, one set of potential advantages is off-set by disadvantage of another origin.
COUPLED METHODS
With complex proteomes, targeting structural features is an attractive strategy for simplifying mixtures and bringing them into conformity with the analytical capacity of liquid chematography-mass spectroscopy (LC-MS) instruments. So far, cysteine is the only amino acid residue which has been utilised for both coding and coupling separation methods. This is because cysteine occurs at a relatively low abundance in most proteomes. 29 Moreover, sulphydryl groups are easily derivatised. Of the various sulphydryl targeting reagents, the ICAT reagent is the most popular. 30, 31 Recent literature shows that a series of new cysteine selection strategies, which will be discussed in detail below, are now being developed.
The ICAT method
ICAT for expression analysis The ICAT strategy was recently used to identify and quantify proteins linked to the transcription factor NF-E2p18/MafK during erythroid cell differentiation. Differentiation was induced in murine erythroleukaemia cells by treatment with dimethyl sulphoxide. The E2p18/MafKlinked proteins were immunopurified in a single step, followed by differential coding with light and heavy isoforms of ICAT reagents. It was observed that different sets of proteins are linked to the transcription factor before and after differentiation. The study demonstrates the importance of different temporal functions performed by the same protein during different stages of cell growth. 32 One of the complaints about the first generation ICAT reagent was that it was too large and interfered with mass spectral fragmentation. 33 This has been addressed by developing a cleavable ICAT reagent in which the iodacetamide and biotin groups are separated by a spacer containing nine 13 C atoms. 34 The large biotinylating tag is removed from coded cysteinyl peptides by an acid hydrolysis step. This circumvents contributions of biotin to the tandem mass spectrometry (MS/MS) of peptides. In a recent study, the cleavable ICAT reagent was used to study protein expression differences in control and inorganic phosphate-treated murine MC3T3-E1 osteoblast cells. A total of 2,501 proteins were identified and quantified. 35 In another study, a comparative analysis of ICAT and cleavable ICAT was carried out on model systems. It was observed that 33 per cent more proteins were identified using the cleavable ICAT approach, with no compromise on the accuracy of the method. 36 Another recent study, however, has demonstrated that after acid cleavage, an additional extraction/ chromatographic method is critical, to remove contaminants before LC-MS analysis. This leads to a decrease of roughly 80 per cent in sample recovery. As the number of steps in a procedure Global coding approaches minimise quantification errors by increasing peptide redundancy Coupled methods simply sample complexity by enrichment of only peptides of interest increases, sample loss and ease of use suffer. 37 Sample loss is especially problematic with low-abundance proteins.
ICAT for detection of PTMs
It has been noted that reagents that target specific amino acids suffer from the fact that they are not very useful in the study of PTMs. The exception would be when the specific amino acid is involved in a PTM. This is frequently the case with free sulphydryl groups in oxidative stress. Creatine kinase has four cysteine residues, one of which is known to be oxidation sensitive. Oxidation of cysteine-283 in creatine kinase was chemically induced at the protein level with hydrogen peroxide (H 2 O 2 ). 38 The control protein was coded with a heavy form of the cleavable ICAT reagent, while H 2 O 2 -treated protein was coded with the light form after the oxidation reaction. As expected, the cysteinyl peptide prone to oxidation clearly showed a decrease in the intensity of heavy isoform-coded peptide. The strategy was extended to study oxidationsensitive cysteine thiols of proteins in a rabbit heart membrane fraction. 39 Protein degradation by proteolysis is another form of PTM that can be amenable to study with amino acid targeting reagents. Matrix metalloproteinases have been linked to cleavage of extracellular proteins. Changes in the concentration of potential substrates for these enzymes can be studied using isotope coding-based quantification reagents. 40 Human breast carcinoma cells were transfected with an inactive (mutant) and an active form of metalloprotease MT1-matrix metalloproteinase. The two cell lines were differentially coded with isoforms of ICAT reagent, mixed and analysed by the ICAT protocol to examine proteolysis. Proteins which are linked to metalloprotease activity will appear as singlets because they are new peptides and not present in the control. These singlets could either originate from proteins which were degraded by the metalloprotease activity or from new proteins which were shed as a result of the enzyme activity. The study provides useful insights into protein degradation pathways and can also be coupled to any other isotope coding-based strategies.
ICAT for localisation studies Cataloguing proteins according to their cellular location is still in its infancy. Recently, a new strategy of differential coding of proteins with the intent of localisation of proteins has been developed. The method is termed localisation of organelle proteins by isotope tagging (LOPIT). 41 In this particular application, isotope tagging provides both qualitative and quantitative information on protein location within a cell. The proteins from different organelles fractionate at different positions during centrifugation. At times, however, similarities in density and size of organelle make it difficult unequivocally to conclude their origin. In the LOPIT strategy, proteins are classified in their subcellular proteomes using correlation profiling assisted by stable isotope coding. The gradient fractions are differentially coded with light and heavy isoforms of cleavable ICAT reagent. As a proof of principle, membrane proteins from Golgirich fractions and endoplasmic reticulumrich fractions of Arabidopsis thaliana were studied. 42 The study was further extended and a total of 170 proteins was identified. 41 Principal component analysis was used to cluster these proteins, based on the previous knowledge of the distribution and localisation pattern of 28 known proteins. In another organelle proteomics study, proteins present in synaptic membrane and postsynaptic density (PSD) fractions isolated from rat brain were analysed using the ICAT strategy. 43 Various proteins associated primarily with the PSD were unequivocally identified, along with contaminants -especially mitochondrial proteins -due to differences in enrichment/depletion in the PSD enrichment step.
Isotope coding is a powerful approach in identifying sub-cellular location of proteins
HysTag reagent
Although biotin is the most widely used tagging agent to facilitate separation, a decapeptide with a six-histidine sequence has also been used. This HysTag reagent consists of four parts: (i) a six-histidine affinity ligand that can be selected using Ni 2þ -loaded immobilised metal affinity chromatography (IMAC) or strong cation-exchange (SCX) chromatography columns, (ii) a trypsin cleavage site, (iii) isoforms of alanine (d 0 or d 4 ) for differential coding and (iv) a 2-thiopyridyl disulphide group that reacts with sulphydryl groups. 44 Proteins are differentially coded with isotopomers of the HysTag reagent at the protein level. After differentially coded samples are mixed, they are digested with endoprotease Lys-C. This preserves the tryptic cleavage site present in the HysTag reagent. After selective enrichment using the chosen affinity selection method, tryptic cleavage is performed within the reagent to reduce its size. This reduces the original decapeptide to a dipeptide, still carrying the isotopic code and attached to cysteine-containing peptides. As a proof of principle, enriched plasma membrane from mouse fore-and hindbrain was differentially coded with isotopomers of the HysTag reagent. A total of 355 unique proteins were identified, of which 281 were quantified. The (d 0 /d 4 ) HysTag-coded peptide pairs were reported to co-elute in reversed phase chromatography. A possible concern with this method is that other peptides with large numbers of histidine residues will also be captured by the chromatography selection system. Because these peptides will not be differentially coded, it will be difficult to differentiate between the singlets from these uncoded peptides and those arising from either gross up-or downregulation.
Quaternary amine tag reagent
It has been shown above that positively charged peptides can be easily selected with an SCX column. Exploiting this fact, a method has been developed to select cysteine-containing peptides by derivatising the sulphydryl group with a quaternary amine. 17 This increases the positive charge on most cysteinecontaining tryptic peptides to the point that they can be selected with a SCX column. The exception would be cysteine-containing peptides with multiple acidic amino acids. Derivatisation is achieved through the reaction of an acrylamide group on the isotopically coded quaternary amine tagging agent with sulphydryl group(s) on the peptide. Enrichment and quantification for cysteinyl proteins has been achieved with isoforms of this quaternary amine tagging agent. 45 The use of artificially introduced positive charges into specific reactive centres of peptides to enhance their selection from complex mixtures is a powerful strategy that could also potentially be used in the study of phosphorylation, glycosylation and protein oxidation. An inherent advantage of the technique is the increase in ionisation efficiency of cysteine peptides after tagging with quaternary amine groups, thereby providing better sensitivity. A disadvantage of the method is that only about 65 per cent of putative cysteinyl peptides are selected. It is generally understood, however, that single amino acid selection strategies do not give complete coverage of a proteome. They should always be used in conjunction with a second method, such as the selection of histidine or acidic amino acid-containing peptides.
Covalent capture
Recently, another cysteine selection technique called quantitative cysteinyl enrichment technology (QCET) was introduced. 46 The strategy couples cysteinyl peptide enrichment using covalent attachment to a thiopropyl Sepharose resin with quantitation using 18 O coding. During trypsin digestion of an experimental sample using an immobilised trypsin column, all peptides are differentially coded at their carboxy-termini by incorporation of 18 O Recent cysteinyl selection strategies include HysTag reagent, QAT reagent, QCET reagent and fluorinated affinity tags from water. The exception would be those peptides arising from the carboxyterminus of proteins. The same procedure is applied to a control sample using H 2 16 O. This strategy differs from other cysteine targeting methods in that cysteine derivatisation is achieved at the peptide level. The tryptic peptide mixtures from the two samples are then mixed and the cysteinyl peptides selected with thiopropyl Sepharose resin through disulphide bond formation. After elution of non-cysteinyl peptides, the cysteinyl peptides are eluted using dithiothreitol (DTT). In a comparative study of native and in vitro differentiated human mammary epithelial cells, 603 proteins were identified. The advantage of the method is that it provides a clean separation between peptides containing, and not containing, cysteine. One of the disadvantages is that disulphide bridges can form from protein refolding during proteolysis and cause some peptides to be missed. Another limitation is that the rate of 18 O exchange differs with peptides, based on their size, amino acid composition and sequence.
Fluorinated affinity tags
Fluorine-fluorine affinity has been used many times in chromatography. A method has recently been described in which peptides tagged with a perfluorinated reagent were selected with a liquid chromatography column having a fluorine-containing stationary phase. 47 As an example, cysteine-containing peptides were derivatised with N-[(3-perfluorooctyl)-propyl] iodoacetamide and then selected. Using different perfluorinated reagents, this approach has been extended to selection of phosphopeptides and guanidinated peptides. Perfluorinated reagents can also be used to derivatise the amino termini of peptides. It is also possible to separate peptides on the basis of fluorine content, thereby identifying the number of modifications in the peptide. It should be possible to expand this approach to the relative quantification of peptides between mixtures using different coding reagents through stable isotope coding.
Solid phase cysteine tagging reagents
The use of solid phase tagging reagents to select low abundance amino acids has previously been demonstrated using acid labile isotope coded extractants (ALICE) 48 and solid phase isotope tagging (SPIT) 49 techniques. A new 13 C reagent consisting of three alanine units iodoacetylated at the amino terminus has recently been added to this list. The carboxy terminus of the tri-alanine peptide is linked to polymethacrylate/ polyethyleneglycol (PEG) resin with an acid labile 'Rink' linker. The iodoacetate moiety on the reagent reacts with the sulphydryl group of cysteine residues. A 9 amu mass separation is observed between differentially coded peptides. 50 Similar to the cleavable ICAT reagent, the cleavage reaction requires use of trifluoroacetic acid. No fragmentation of alanine residues from the tag was reported in the MS/MS. A minor limitation is that the tag adds 270 atomic mass units (amu) to peptides.
UNCOUPLED METHODS
The strategy in the coupled coding methods is to use chemical derivatisation of specific functional groups in peptides to aid in both selection and quantification. This approach requires a different reagent for each specific feature of the proteome being selected. The strategy in the uncoupled method is to use a single global derivatisation method and directly select the targeted structural feature based on chromatographic methods already described in the literature.
PASIC APPROACH
Since virtually all peptides contain one or more primary amines, PASIC is one of most global approaches to in vitro stable isotope-based quantification. 51, 52 The ease with which primary amines are derivatised has led to a variety of PASIC variants differing in the type of labelling reaction. The PASIC approach has a series PASIC approaches allow for use of well established chromatographic selection strategies of advantages, all related to global coding. 18 One is that any PTM can be selected with established separation methods and quantified by stable isotope coding. Another advantage is peptide redundancy. Affinity-selected proteins can be obtained from individual samples and their tryptic peptides differentially coded. After combining the tryptic digests from different samples, all peptides from a protein are available for identification and quantification. PASIC reagents that have recently appeared are the isobaric tags for rlative and absolute quantification (iTRAQ) reagent, 53 a sulphonating reagent 54 and dimethyl coding. 55 
Global internal standard technology
The initial PASIC method involved the global coding of tryptic peptides through acylation of their amino-terminal amino group and å-amino group on lysine, when present. This gobal internal standard technology (GIST) employed acetate and tri-deuteroacetate as the coding agents. 56 
GIST for expression analysis
In a recent study, the GIST strategy was applied to the quantification of major histocompatibility complex-presented peptides. 57 Acetylation of amino-termini peptides and guanidination/nicotinylation were used to quantify peptides presented to the major histocompatibility complex in control and experimental samples. In one example, human leucocyte antigen A from normal colon tissue and solid colon carcinoma tissue were selectively enriched using immunoprecipitation of human leucocyte antigen molecules. This was followed by their differential coding and LC-MS analysis. The study showed overexpression of â-catenin-derived peptides in cancerous cells. In another example, the GIST strategy was used in quantitative peptidomics to measure changes in expression of pituitary neuropeptides. 58 A total of 82 peptides were detected in Cpe fat=fat mouse pituitary extracts using this strategy. Acylation has also been described for isotope coding at the protein level through the so-called isotope-coded protein labels process. 59 Proteins from samples were differentially acylated with light and heavy isoforms of the N-hydroxy succinimide ester of nicotinic acid using d 0 , d 3 and d 7 isotopomers of the coding agent. As a proof of concept, the strategy was applied to spiked model proteins in Escherichia coli protein extracts. Isotope coding was followed by sample fractionation at the protein level using two-dimensional gel electrophoresis. Fractions from the first fractionation step are then digested with trypsin and subsequently quantified by MS analysis. Good quantification and identification of putative peptides was reported. Questions relating to this method concern the extent of coding which can be achieved at interior lysine residues in poorly soluble proteins and the size of proteolytic fragments.
GIST for phosphorylation detection
The GIST technique has also been applied to quantification of phosphorylation. In a recent study, tryptic peptide mixtures from two samples were differentially coded with N-hydroxyl succinimide isotopomers of either acetate or 4-trimethylammonium butyrate, using deuterium-based coding reagents. From the complex tryptic mixture, phosphopeptides were selected using a Gallium loaded IMAC column followed by LC-MS analysis using RPC-ESI-MS. 60 One of the limitations of this method is that tryptic peptides can have multiple acidic sites due to the relatively high abundance of glutamate and aspartate residues. This results in non-specific binding of acidic peptides on the IMAC column, along with phosphorylated peptides. A possible solution is to mask the carboxylic groups by esterification; 61 however, aspartate esters can internally cyclise in acidic conditions during reversed phase chromatography. 62 Another issue is the partial deamidation of aspargine and glutamine residues. 62 An
Recent PASIC reagents include iTRAQ reagent, a sulphonating reagent and dimethyl coding alternative strategy for reducing the non-specific binding of acidic phosphorylated peptides is to decrease the number of putative acidic sites by cleavage using protease Glu-C. 63 
iTRAQ reagents
The iTRAQ reagents globally code the amino-termini and lysine residues of all peptides in proteolytic digests of a proteome through acylation with Nhydroxy succinamide esters of N-methyl piperazines. These reagents are similar to the tandem mass tags reported recently. 9 In the iTRAQ approach, mass coding reagents are prepared by isotopic labelling at two sites in each coding agent isotopomer. 64 The results obtained were complementary. Although more proteins were identified using the iTRAQ approach, more low-abundance proteins were identified using the ICAT approach. It is interesting that, for a few proteins, different expression ratios were observed with the two methods. The reason for this lack of agreement is not clear. One reason might be experimental error in one of the methods. Another might be that the peptides identified come from different protein sources, such as post-translational variants.
The iTRAQ approach has many advantages. One is that it allows isotopomeric forms of peptides to be generated without increasing complexity in the first dimension of MS. Another is that it increases sensitivity and gives a high signal to noise ratio in MS/MS. Yet another advantage is that it is global and can be used to target PTMs. The major limitation of the iTRAQ method is that although a few percent of peptides will have changed in concentration, MS/MS analyses must be performed on all eluting peptides to recognise this small set. For each differentially coded peptide pair (group), change in expression will not be evident until there is a change in the ratio of reporter ions in MS/MS. By contrast, with conventional isotope coding strategies, the user can have the option of performing MS/MS analyses on only the peptides that show a significant change in protein expression in the first dimension. Using the iTRAQ approach, vastly more MS/MS data are accumulated and processed than are required for recognising regulatory changes.
Amino-terminal sulphonation
Previously, sulphonation of primary amines of peptides was used by researchers for de novo sequencing of tryptic peptides. Recently, 13 C-coded isoforms of 4-sulphophenyl isothiocyanate were synthesised to differentially code peptides in which isotopomers varied by 6 amu. 54 Quantification in the iTRAQ approach is achieved in the second dimension of mass spectrometry
The advantage of the technique is that the strategy simplifies MS/MS interpretations, since 'y' ions dominate the spectra, especially when peptides are singly protonated. For multiply-protonated peptides, however, both 'b' and 'y' ions are detected. Moreover, similar to other amino-terminal directing strategies, the 'b' ions can be detected with ease from the 'y' ions, since they appear as doublets in the overlaid MS/MS spectra.
Dimethyl coding
This method involves reductive amination of peptides that have reacted with formaldehyde. 55 The reaction takes place in two steps in a reducing sodium cyanoborohydride environment. The primary amine reacts to form a secondary amine, followed by the addition of another methyl group. With deuteriumcoded formaldehyde, there is a 4 amu mass difference between the isotopomers of differentially tagged peptides. The strategy has many advantages, one being that the derivatisation reaction requires less than five minutes. Another is that there is only a 30-34 amu increase in the mass of derivatised peptides. Finally, the fact that deuterium coding is located immediately adjacent to an amino group negates any chromatographic resolution of the peptide isotopomers. As a proof of method, the strategy was used for differential expression analysis of nuclear proteins in the case of arsenic poisoning. An interesting characteristic of this coding strategy is the relative increase in the amount of a 1 ions in the MS/MS spectrum. 65 There is the potential for searching for dimethylated peptides using the universal a 1 precursor ion.
O/ 18 O coding
Another well established global coding strategy is to incorporate two atoms of light ( 16 O) and heavy ( 18 O) oxygen at the carboxy-terminus of peptides during proteolysis. This strategy works with a wide variety of enzymes, ranging from trypsin 66 and chymotrypsin 67 to Lys-C, 68 Lys-N 69 and Glu-C. 70 The technique has been shown to have at least femtomolar sensitivity. In a recent study, 16 O/ 18 O coding was successfully used to study ductal carcinoma of breast cells in protein samples obtained by laser capture microdissection. 71 In another study, Doxorubicin resistance in MCF-7 breast cancer cells was investigated. 72 As another application of the coding, changes in the secretory proteome of adipose cells as a function of treatment with insulin was investigated using a two-dimensional LC approach. 73 A C3 column was used in the first dimension to separate intact protein mixtures. Each first dimension fraction was then separately digested and analysed using LC-MS. Apart from the sample simplification achieved in the first dimension, an added advantage of the approach is that one achieves higher confidence in protein identification. All peptides from a protein parent elute in the same LC run, making it easier to identify multiple peptides from the same protein. Double enzyme digestion employing Lys-C followed by trypsin was used for proteolysis, since Lys-C can handle higher amounts of urea, used to prevent precipitation of peptides and denatured proteins before proteolysis with trypsin. There are, however, a few limitations to the 18 O coding approach. A recent study indicates the presence of significant backexchange after 16 O/ 18 O incorporation at a pH value at which trypsin activity is inhibited (pH 4.5). Moreover, significant back-exchange of 16 O/ 18 O was observed even when trypsin was boiled at 1008C. This problem was only eliminated by complete reduction and alkylation of trypsin. 74 The ratio of 16 O/ 18 O-coded peptide isotopomers does not vary chromatographically, irrespective of the protease used for proteolysis.
Guanidinating reagent
Because all proteins contain lysine, guanidination of lysine residues provides a broad spectrum method for isotopic coding. Methyl/ethyl guanidinating reagents, 75, 76 77 Differentially coded lysine peptides are separated by +3 amu in the mass spectrum in the case of O-methylisourea coding. In addition to assisting in quantification, guanidination also improves ionisation efficiency. There is, however, no way to separate guanidinated peptides from nonderivatised peptides.
Uncoupled cysteinyl reagents
Beyond their use as alkylating reagents, isotopomers of acrylamide 78, 79 and vinylpyridine 80 have been recently reported as reagents for quantifying relative expression of cysteine-containing proteins. Differential coding can be achieved during the derivatisation of sulphydryl groups in proteins. Since there is no enrichment step associated with these methods, there is no decrease in sample complexity. Moreover, there is the substantial problem of differentiating between grossly up-or downregulated proteins and those that carry no label.
Recently, isoforms of DTT have also been used selectively to code the cysteinyl peptides formed during a Michael addition. 81 This strategy differs from the former strategies, since reduction and alkylation are achieved using normal DTT and iodoacetamide, respectively. After alkylation of reduced sulfhydryl groups, however, a Michael addition step leads to the formation of an AE-â unsaturated carbonyl group adjacent to the carbonyl group at the cysteine site. It is at this point that differential coding is achieved using light (d 0 ) and heavy (d 6 ) isoforms of DTT. A limitation of this procedure is that a similar AE-â unsaturated carbonyl group will be formed at the Oglycosylation and O-phosphorylation sites. If the intention is only to target Olinked PTMs, then the cysteinyl coding is blocked by thiol oxidation.
POST-TRANSLATIONAL MODIFICATIONS (PTMs)
PTMs are important features of a proteome, frequently conveying a specific biological activity or role of a protein.
Modifications can occur at a single or at multiple sites, often in varying forms. Each of the more than 100 different types of PTMs plays a different role. 82 Clearly, the diversity surrounding PTMs considerably increases the complexity of the proteome and adds an additional level of intricacy and complication to proteomics. Methods are still being developed for both mapping and quantification of these modifications.
Glycosylation
Among the many types of PTMs, glycosylation appears to be the most complex. Proteins can be modified at one or more sites, with numerous glycan variants at each site. Variation in the concentration of a single glycosyltransferase can alter the glycosylation profile of multiple proteins. 83 Glycosylation patterns can vary with development, regulatory state, type of disease and even with disease progression.
Recent studies have shown that glycoproteins and glycopeptides can be selected for further analysis in a number of ways after isotope coding. One is by affinity selection of glycosylated species. 84, 85 The great advantage of affinity selection methods is that they can target a specific structural feature of a PTM, rapidly select the fraction of the proteome with the targeted PTM and provide substantial simplification of the mixture in the process. Affinity selection has been achieved at both the protein level before proteolysis and with glycopeptides after trypsin digestion. The approach of enriching N-linked high mannose rich and hybrid-type glycoproteins by lectin chromatography followed by isotope coding at the glycosylation site after deglycosylation with N-glycosidase has been reported previously. 86 Glycopeptides were cleaved with the enzyme peptide N-glycosidase F (also known as PNGase F) in the presence of H 2 18 O. This introduces 18 O in the aspartic acid formed from asparagine on Glycosylation variants can be selected at both protein level and at peptide level deglycosylation and ensures that the site of glycosylation can easily be recognised.
This approach was recently extended to the Caenorhabditis elegans proteome, where a total of 250 glycoproteins with 400 glycosylation sites were identified. Of these proteins, a total of 83 were putative membrane proteins. 87 Multiple lectin columns are being used increasingly in glycoproteomics, both in serial lectin affinity chromatography and in parallel lectin affinity chromatography (PLAC). Concanavalin A (Con A) and wheat germ agglutinin (WGA) columns were used in the PLAC mode for selection of glycoproteins from human bile. Con A has a preference for N-linked high mannose glycans while WGA has a preference for hybrid and complex glycans. A total of 33 glycosylation sites on proteins were found. 88 It was observed that the number of glycosylation sites identified was increased after immunoglobin depletion. Use of Con A and WGA lectins to target membrane proteins in a similar PLAC arrangement produced a total of 94 and 66 proteins with WGA and Con A, respectively. Of these proteins, 26 were found with both columns. 89 The GIST protocol can be used with both the serial lectin affinity chromatography and PLAC methods for quantifying relative changes.
Other approaches for quantifying relative changes that involve PASIC with either succinic anhydride 90, 91 or acetate, followed by selection of tryptic peptides with either lectin-based glycopeptide selection or through periodate oxidation and covalent capture, have been discussed in a previous review.
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Phosphorylation A recent research strategy has shown that phosphoserine and phosphothreonine residues in proteins can be converted into lysine analogues by â-elimination of the phosphate esters, followed by derivatisation of the newly formed AE-â unsaturated carbonyl group. The aminoethylcysteine and â-methylaminoethylcysteine residues thus formed can be cleaved with Lys-C. At the protein level, lysine residues are first blocked by guanidination, thereby eliminating them as sites for Lys-C proteolysis. The lysine analogues are then cleaved with a lysine-specific protease to map sites of phosphorylation. 92 As a proof of principle, the strategy was successfully employed to map phosphorylation sites on model protein mixtures. An interesting feature of the strategy is that during the formation of aminoethylcysteine, R and S epimers of the peptides are generated in a 1:1 ratio, and Lys-C cleaves only at the carboxy-termini of R epimers. Enrichment of phosphopeptides is achieved by using PEG-polystyrene copolymer-based resin, with cystamine as the benzyl carbamate. After the AE-â unsaturated carbonyl groups of â-eliminated phosphate esters have reacted with cystamine on the resin, captured proteins are released from the resin and digested. The approach shows promise and can be easily coupled with isotope coding.
Selection of tryptic phosphopeptides with Al(III)-, Fe(III)-or Ga(III)-loaded IMAC columns is also a common approach; 93 however, non-specific binding of acidic peptides to the IMAC columns is a problem. Several strategies have been devised to overcome this issue. As mentioned previously, one is to cleave peptides using Glu-C instead of trypsin to reduce the number of acidic sites in the peptide. Another is to block acidic residues by esterification. Recently, esterification of acidic peptides was extended to identify phosphopeptides in the negative mode. 94 Phosphopeptides, along with relatively abundant tryptic non-phosphorylated peptides, give higher signals in negative mode than do nonphosphorylated/non-acidic tryptic peptides. Since esterification blocks the negatively charged sites in peptides, detection of negatively charged phosphopeptides becomes relatively easier. The relative signals of phosphorylated peptides after methyl esterification were shown to be 25 times Lectin columns can be used in series and/or in parallel to improve the coverage of glycosylated proteins greater than those of acidic peptides without esterification.
As mentioned above, based on â-elimination and Michael addition, fluorination has also been employed to target phosphopeptides. The Michael addition step was carried out using 1 
Farnesylation
Farnesylated proteins have been selectively identified using what is called the 'tagging a substrate' approach. In order to identify the farnesylated proteins in a proteome, metabolic incorporation was achieved using azido-farnesylated analogues, which are efficient substrates for protein farnesylation. The azidofarnesylated proteins maintain their normal biological properties. The azide group on the farnesylated protein can be enriched using a phosphine moiety linked to a biotinylated reagent. The phosphinetagged farnesylated proteins can subsequently be enriched using monomeric avidin columns. A total of 18 proteins were identified using this approach.
Although not yet coupled to isotope-based strategies, any one of the PASIC methods should provide insight into the quantitative nature of protein farnesylation. 95 
ABSOLUTE QUANTIFICATION
The need to quantify absolute amounts of proteins in a proteome is obvious. Quantification of single components has long been achieved by internal standard quantification. This method involves addition of a known amount of a stable isotopomeric form of the substance to the solution containing the unknown amount. The relative amounts of the internal standard and solution component are then determined and the concentration of the unknown computed from that of the internal standard. The same procedure is being used with proteins, except that peptide fragments of the protein are being used. Variations on the internal standard method have been developed for proteomics and include AQUA (absolute quantification), 96 PC-IDMS (protein cleavage-isotope dilution mass spectrometry), 97 SISCAPA (stable isotope standards and capture by anti-peptide antibodies) 98 and VICAT (visual isotope coded affinity tags). An important application of absolute quantification is as an alternative to immunoassays.
It was thought that a critical aspect of absolute quantification is the ability to achieve complete proteolysis in order to compare the peptide isoforms confidently. For this reason, the enzymatic cleavage site is often deliberately incorporated into internal standard peptides used in absolute quantification. A recent study, however, showed that similar results were observed using a model peptide having a single or no cleavage site. 97 It was concluded that, since the standard peptide cannot mimic the active proteolytic site (as in a protein), the presence of a cleavage site is of little importance. In another study, four different 13 C-coded peptide standards were chosen to quantify C-reactive protein -a known marker for rheumatoid arthritis. 99 There was considerable variation in the results obtained for the four peptides, underscoring the need for the use of more than one internal standard. Yet another important factor is the efficiency of the recovery of the protein from complex mixtures. It was recently observed that recovery of peptides embedded into a polyacrylamide matrix varies considerably from peptide to peptide. Therefore, the results may strongly depend on which peptides were selected as a reference for the quantification, making the results of absolute quantification using gels only semi-quantitative. By contrast, in solution, digestion coupled with 18 O coding provided reliable and accurate results. 100 For complex mixtures, 
VICAT
This method utilises visualisation of the particular protein/peptide of interest on the Isoelectric Focussing IEF band in complex tryptic peptide mixtures. 101 It requires three sets of cysteine peptidereactive biotinylated reagents to be developed: a light form, a 13 C-or 15 Ncoded heavy isoform and a third 14 Ccoded reagent. The 14 C reagent acts as an IEF marker. All three reagents can be cleaved by ultraviolet light, owing to the presence of a nitrobenzyl linker group. This reduces the size of the reagent and eliminates complications in MS/MS interpretations. The protein mixture is reduced and alkylated with an isoform of the VICAT reagent. To this mixture, the internal standard peptide (of known concentration), coded with the other isoform of the reagent, is introduced. Moreover, in order to trace the peptide of interest, a 14 C VICAT reagent-coded peptide is introduced into the peptide mixture. All three differentially coded peptides co-elute in the IEF gel. The protein of the interest is detected by the position of the radioactive 14 C-coded cysteinyl peptide using scintillation counting. The IEF region of interest is then extracted from the gel and purified using an avidin column to eliminate the interfering ampholytes. After subsequent photo-cleavage of the large biotin tag, the enriched cysteine peptides are quantified using LC-MS. Since the IEF markertagged peptide is present in great excess over the peptides of interest, the IEF marker is specifically designed to be 28 amu lower in mass than the other two reagents, thereby eluting at a different retention time. As a proof of method, the absolute concentration of human group V phospholipase A 2 was determined in a complex eukaryotic cell lysate. This technique shows promise.
SISCAPA
The SISCAPA approach is another example of absolute quantification. Peptide binding antibodies were raised against specific peptide sequences from human plasma, affinity purified and covalently immobilised onto POROS supports. 98 A known quantity of the stable isotope-coded isoform of the peptide was introduced into the tryptic digests to act as an internal standard. The peptides of interest, along with the internal standard peptide, were captured by the immunosorbent columns and quantified by subsequent selected reaction-monitoring LC-MS. As an example, rabbit polyclonal antibodies were raised against selected peptides and immobilised on POROS supports. The fact that these antibody columns can be regenerated is a great asset.
CONCLUSIONS
It is clear from the review of the literature presented in this paper that comparative proteomics based on stable isotope coding is thriving and that many coding strategies are available, all capable of quantifying proteins within a relative standard deviation of no more than 10 per cent. Although methods directed at derivatisation of specific amino acids are still being developed, there has been a gradual shift to more universal methods that globally code all peptides derived from a proteome and, in so doing, allow quantification of PTMs. But a number of issues remain to be resolved. One is whether methods can be developed that differentiate between changes in expression and PTMs. Another is whether stable isotope coding and real-time data acquisition can direct mass spectrometers to acquire data exclusively on those peptides that have undergone changes in concentration as a result of some stimulus. Another is the degree to which the proteomics community will use stable isotope coding to analyse three or more samples simultaneously. Finally, there is the concentration range issue. Can quantification be achieved on proteins 
